Approximately 6000 DNA elements, totaling nearly 15 Mb, are coordinately excised from the developing somatic genome of Tetrahymena thermophila. An RNA interference (RNAi)-related mechanism has been implicated in the targeting of these germline-limited sequences for chromatin modification and subsequent DNA rearrangement. The excision of individual DNA segments can be inhibited if the homologous sequence is placed within the parental somatic nucleus, indicating that communication occurs between the parental and developing genomes. To determine how the DNA content of one nucleus is communicated to the other, we assessed DNA rearrangement occurring in wild-type cells that were mated to cells that contained the normally germline-limited M element within their somatic nuclei. M-element rearrangement was blocked in the wild-type cell even when no genetic exchange occurred between mating partners, a finding that is inconsistent with any genetic imprinting models. This inhibition by the parental somatic nucleus was rapidly established between 5 and 6 hr of conjugation, near or shortly after the time that zygotic nuclei are formed. M-element small RNAs (sRNAs) that are believed to direct its rearrangement were found to rapidly accumulate during the first few hours of conjugation before stabilizing to a low, steady-state level. The period between 5 and 6 hr during which sRNA levels stabilize correlates with the time after which the parental genome can block DNA rearrangement. These data lead us to suggest that homologous sRNAs serve as mediators to communicate sequence-specific information between the parental and developing genomes, thereby regulating genome-wide DNA rearrangement, and that these sRNAs can be effectively compared to the somatic genome of both parents.
UKARYOTIC cells go to great lengths to ensure the RNAse III-related protein called Dicer (Bernstein et al. integrity of their genomes. In addition to mecha-2001) . Mutations in genes required for RNAi in Caenornisms that orchestrate the sequential events of chromohabditis elegans result in the mobilization of transposable some replication and division, others exist that protect elements, providing further evidence that RNAi appears the genome from the spread of invading DNA elements.
to serve as a genome defense mechanism that silences The existence of such genome defense mechanisms has invading DNA elements to limit their spread to other been uncovered largely due to studies of diverse epigeloci (Ketting et al. 1999; Tabara et al. 1999) . Furthernetic phenomena such as transgene-induced silencing more, the RNAi machinery of Schizosaccharomyces pombe is or cosuppression, described in both plants and animals required for heterochromatin formation at the mating-(see Waterhouse et al. 2001) , and repeat-induced point type locus and for silencing of centromeric repeats mutation or gene silencing in fungi (Goyon and Fau- Volpe et al. 2002) , which implicates geron 1989 ; Selker 1990 Selker , 2002 .
this process in endogenous mechanisms important for Studies from the last several years have revealed that chromosome stability (see Dernburg and Karpen 2002) . the triggers for many such homology-dependent events
The ciliated protozoan Tetrahymena thermophila has are likely double-stranded RNAs (dsRNAs; reviewed in emerged as a useful model to understand how eukaryoHannon 2002). The epigenetic phenomena induced by tic cells can differentially regulate individual copies of dsRNA have been collectively called RNA interference homologous sequence. Tetrahymena, like other ciliated (RNAi)-related processes. The dsRNA molecules are protozoa, are unusual in that these single-celled organprocessed into 20-30 nucleotide effector species by an isms contain two functionally distinct genomes, which serve the equivalent of germline and somatic roles (reviewed in Karrer 2000) . The germline genome is con-1 along an intact genome during sexual development. The sively demonstrating that DNA rearrangement is an RNA-directed process . somatic genome, which consists of a rearranged subset of the germline DNA, is found within the polyploid The use of sRNAs to target chromatin modification on a genome-wide scale is quite remarkable; however, macronucleus and is the source for gene expression. Tetrahymena divide by binary fission during vegetative what may be an even more striking step in this process is the involvement of the parental somatic genome in growth, and the micronucleus and macronucleus are propagated by mitotic and amitotic division, respectively. regulating the extent of rearrangement. It has been shown that a germline-limited sequence (i.e., the M-and Upon conjugation, the germline micronuclei within mating pairs complete meiosis. One of four haploid R-deletion elements) placed into the somatic macronucleus can inhibit the normally efficient elimination of products in each partner is selected to undergo a mitotic division followed by reciprocal exchange between cells the homologous DNA sequence during nuclear differentiation (Chalker and Yao 1996) . Similar homologyand karyogamy of the resulting gametic nuclei to form the precursors of the new somatic and germline nuclei dependent regulation of DNA rearrangement has also been demonstrated in the ciliate, Paramecium tetraurelia within the developing progeny. The parental macronuclei are then resorbed during the later stages of development. (Duharcourt et al. 1995 (Duharcourt et al. , 1998 . These findings imply that, at least in part, genomic regions are targeted for During differentiation of the somatic genome, extensive DNA rearrangement results in the fragmentation elimination by comparing the DNA content of the germline genome with that of the parental somatic genome. of the five germline chromosomes into 200-300 "mini"-chromosomes (reviewed in . FurtherTo understand mechanistically the transfer of sequencespecific information between the parental and develmore, DNA deletion eliminates ‫%51ف‬ (totaling nearly 15 Mb) of the germline DNA from an estimated 6000 oping genomes, we used genetic manipulation to determine the requirements and timing of this step in DNA loci in the developing macronucleus (Yao and Gorovsky 1974; Yao et al. 1984) . The eliminated sequences rearrangement. We found that the inhibition of DNA rearrangement by the parental genome requires no diare both unique and repetitive, noncoding sequences as well as some that resemble transposable elements rect genetic exchange and must occur using factors free to travel through the cytoplasm of mating pairs. Results (Cherry and Blackburn 1985; Wuitschick et al. 2002; Fillingham et al. 2004 ). How such diverse sequences from comparing the timing of this inhibition by the parental genome and the accumulation of specific sRNAs supcan be efficiently targeted for elimination during nuclear development has been a long-standing enigma.
port a model in which sRNAs, likely with associated proteins, are effector molecules performing this regulation. Recent studies indicate that homologous RNAs play a critical role in these DNA rearrangements (reviewed in These sRNAs appear to be produced only from transcription of the germline genome, not from transcripMochizuki and Gorovsky 2004b). Bidirectional transcription of germline-limited sequences has been detion of the homologous sequence in the somatic genome, and are rapidly compared to the parental tected in the early stages of conjugation (Chalker and Yao 2001) . This transcription is the likely source of genome of both mating partners to determine the sequences to be eliminated from the developing genome. dsRNA that is presumably cleaved by a Dicer-like ribonuclease into ‫-82ف‬nt small RNAs (sRNAs; Mochizuki et al. 2002) . These sRNAs, which have been called scan MATERIALS AND METHODS RNAs, are believed to target the methylation of lysine 9 of histone H3 (K9H3) on chromatin of the homologous Strains and growth conditions: All growth and manipulation sequence in the developing somatic nuclei (Taverna of T. thermophila cells were performed as previously described (Gorovsky et al. 1975; Asai and Forney 1999 (Coyne et al. 1999; Mochizuki et al. 2002; Taverna et and HC81-M3A were previously described (Chalker and Yao al. 2002; Liu et al. 2004) . Thus many steps in the process 1996). Chloramphenicol-resistant (cm-r) strains arising from of DNA rearrangement are mechanistically similar to a spontaneous mutation of CU427 were selected by two rounds of growth of a starting inoculum of 3 ϫ 10 6 cells into 100 ml RNA-directed establishment of heterochromatin formaof 1ϫ SPP medium containing 200 g/ml chloramphenicol tion observed in S. pombe, which likely has parallels in for 4-5 days at 30Њ. After the second round, drug-resistant cells the majority of eukaryotes. Injection of dsRNA complewere subcloned into medium containing 250 g/ml chlorammentary to genomic regions normally retained in the phenicol, and four subclones were subsequently checked for the somatic nucleus into developing Tetrahymena cells inability to confer drug resistance to their vegetative progeny through cytoplasmic inheritance, presumably due to inheriduced elimination of the homologous sequence, conclu-tance of resistant mitochondria (Roberts and Orias 1973) . RESULTS Subclone HC27c-2 (chx1-1/chx1-1 [VI, cy-s, cm-r]) was used Macronuclear M-element copies in one partner block for the pair disruption experiments described below. rearrangement of the homologous element in a wildCytogamy: At 4.5-5 hr after the mixing of cells, conjugating pairs were administered a hyperosmotic shock by adding 30% type mating partner without genetic exchange: DNA reglucose to 1.4% final concentration and, after 45 min, diluted arrangement of the M-deletion element ( Figure 1A ) and 10-fold with 10 mm Tris-HCl as previously described (Cole other germline-limited sequences is normally extremely and Bruns 1992). Mating pairs were allowed to recover at efficient (Austerberry et al. 1984; Yao et al. 1984 ; Ausleast 30 min and then cloned into individual drops of medium.
terberry and Yao 1988). Nevertheless, we previously
The progeny of cloned pairs were allowed to divide for 3 days at 30Њ and then replicated into 1ϫ SPP medium containing found that placing copies of the M-or R-deletion eleeither 25 g/ml cycloheximide or 15 g/ml 6-methylpurine. ment within the parental macronucleus caused failure Pair disruption: To physically separate pairs prematurely, 1 of DNA rearrangement of the homologous element durml of conjugating cells ‫1ف(‬ ϫ 10 5 pairs/ml) were vortexed in ing macronuclear development (Chalker and Yao 1996) .
the presence of glass beads for 1-2 min as previously described To investigate the mechanism by which the parental (Virtue and Cole 1999 (Chalker and Yao 1996) to and Yao 1996) . Assessment of DNA rearrangement without ask whether the Mϩ partner must exchange genetic We assessed M-element rearrangement in cells that failed to eliminate the M element ( Figure 1 ; Table 1 ). had undergone cytogamy, and as expected, the majority Therefore, inhibition of M-element rearrangement in of progeny derived from the Mϩ cell exhibited failure the wild-type mating partner requires no transfer of geof M-element rearrangement ( Figure 1 ; Table 1 ). The netic material from the Mϩ cell. We performed this expermore revealing observation was that the majority of iment by crossing two different Mϩ strains, HC76M5B progeny that developed from the wild-type partner and and HC81M3A, to wild-type strains CU428 and CU427, solely from that parent's micronuclear genome also had respectively, and obtained comparable results (Table  1) . Overall, 90% (18/20) of progeny derived from the Mϩ strain and 67% (10/15) from the wild-type partner showed partial or full failure of M-element rearrangement.
It should be noted that the vector-borne M element is lost from the cells along with the parental macronucleus during conjugation and any remaining copies resulted from blocked DNA rearrangement of the M-element locus in the developing macronuclei. Four to eight copies of each chromosome undergo independent rearrangement in each developing macronucleus, and this inhibitory action imposed by the parental macronucleus typically affected only a subset of these. Even so, the failure of rearrangement induced by the presence of the M element is quite dramatic.
To control for the possibility that the hyperosmotic shock used to block nuclear exchange might have impaired DNA rearrangement in the wild-type cell, we The size (in kilobase pairs) of the genomic HindIII (H) fragment corresponding to each form as detected in Southern blot analysis at the bottom is given to the right. As depicted in B, an osmotic shock was administered to conjugating pairs either 4.5 or 5 hr after mixing prestarved cell populations. This treatment blocks exchange of gametic nuclei and induces cytogamy, a developmental program in which the new macronuclei generated in each cell (two develop in each mating partner) are formed using the genome of its own micronucleus. The Mϩ micronuclei (small open circles) are homozygous for the chx1-1 marker conferring resistance to cycloheximide when brought into expression in the progeny; the wild-type micronuclei (small solid circles) are homozygous for the mpr1-1 marker conferring 6-methylpurine resistance. The progeny cells whose new macronuclei developed from the micronuclei of the Mϩ cell are cy-r/mp-s, whereas the progeny whose macronuclei derive solely from the wild-type micronuclear genome are cy-s/mp-r. (C and D) Southern blot analysis of total genomic DNA isolated from the progeny whose macronuclei developed from the micronuclear genome of the Mϩ or the wild-type partner was used to examine the degree of M-element rearrangement. The bands corresponding to the sizes given in A for the unrearranged or rearranged forms are indicated. Asterisks indicate DNA of progeny derived from cytogamy of the wild-type partner showing unrearranged copies of the M element remaining in the macronuclear chromosomes. The last two lanes show the DNA of a control cross of two wild-type strains induce to undergo cytogamy. (428); Mϩ strains used were HC76M5B (76M) and HC81M3A (81M).
b For the resistance expected upon cytogamy, the wild-type (wt) or Mϩ partner (Mϩ) giving rise to each is indicated in parentheses. mp-r, 6-methylpurine resistant; cy-r, cycloheximide resistant. Double resistance (cy-r, mp-r) indicates genetic exchange between partners.
c The fraction of pairs (x/n, where n is the total analyzed) showing detectable failure of M-element deletion for each class is shown. The percentage of pairs showing failure is given lines without DNA isolation (Figure 2 ; see materials and methods for details). The ⌬0.6-and ⌬0.9-kbp rearranged forms (M ⌬0.6 and M ⌬0.9 ) of the M element are comparison showed that the levels of PCR products detected as 601-and 284-bp PCR products, respectively, corresponding to the unrearranged form and the 0.9-whereas the unrearranged element (M mic ) is evident as kbp deletion provide a good assessment of the quantities a 386-bp product. When we used this assay to assess the of these two chromosomal forms in macronuclei, but state of M-element rearrangement, a very low level of the levels of the largest product representing the 0.6-the 386-bp product, corresponding to the unrearranged kbp deletion were typically underrepresented relative elements remaining within micronuclei, was observed to the actual quantity, likely due to a PCR bias toward in the progeny of wild-type cells (Figure 2, lanes 1-3) smaller products. Nevertheless, this assay easily distinwhile abundant quantities of this PCR-generated fragguished cells that failed to rearrange copies of the M ment were detected in the progeny of Mϩ strains (lanes element from those in which rearrangement was com-4-11), indicative of failed DNA rearrangement. We also plete. isolated DNA from these same progeny lines and compared the PCR results to Southern blot analysis. This
Virtue and Cole (1999) showed that mating pairs do so from uniparental genetic material, as in the induced cytogamy experiments describe above, and thus progeny derived from the Mϩ or wild-type partner could be identified by their single-drug-resistant phenotypes. Pairs disrupted after formation of the zygotic nucleus had their drug-resistant phenotype derived from both parents. When we first performed this experiment, we relied upon these drug-resistant phenotypes to determine which progeny cells were the direct descendents of the wild-type partners. Regardless of the time of pair disruption, at least 87% of the progeny whose macronuclei developed within the Mϩ cell, which, of course, retained continued presence of macronuclear M-element copies, exhibited failure of DNA re- (Table 2 ). After karyogamy, we could no longer deterexpected phenotype of progeny cells whose macronuclei had mine the parent of origin; however, we found that the equal recovery of progeny for each partner, these data indicate that the block to M-element rearrangement is rapidly communicated to the wild-type partner between could be physically disrupted as early as 1.5 hr after pairing 5 and 7 hr of conjugation. By 7 hr, the majority of the and yet the individual partners could still go on to comnuclei developing in the wild-type cells had been fully plete nuclear development. Thus by mating wild-type cells affected, and the continued presence of the M element with Mϩ cells and disrupting these pairs at various times in the parental macronucleus was no longer needed during conjugation, we believed that we could determine to block the excision events that would have occurred the time period during which the wild-type cell must be between 11 and 14 hr (Austerberry et al. 1984 ; Duharpaired to an Mϩ cell to have its M-element rearrangement court and Yao 2002). influenced by the DNA sequences in its partner's macroThese data appeared to show that the communication nucleus (Figure 3) . Pairs disrupted before gametic nuof the Mϩ state to the wild-type cells occurs rapidly after karyogamy. However, this interpretation required that clear exchange that successfully complete development a Prestarved cell populations were mixed at t ϭ 0 hr and pairs were physically disrupted at the indicated time.
b mp-r, 6-methylpurine resistant; cy-r, cycloheximide resistant. Single resistance indicates disruption prior to nuclear exchange; double resistance indicates genetic exchange between partners.
c Number of individual cells recovered giving the indicated drug resistance. d The fraction (x/n, where n is the total analyzed) of single mated cells showing detectable failure of M-element deletion for each class is shown. The percentage showing failure is given in parentheses. The progeny derived from the wild-type (wt) or Mϩ partner in each cross was determined by resistance or sensitivity to chloramphenicol (cm-r or cm-s), respectively. ND, state of M-element rearrangement not determined.
e Pairs were allowed to separate normally without physical disruption and individuals were isolated into growth medium Ͼ20 hr after mixing.
there had been no bias in the survival of the Mϩ partthe wild-type partner that had been separated before pronuclear exchange (19 disrupted at 5 hr and 13 disner's vegetative progeny relative to that of the wild-type partner's. To more closely examine the timing of the rupted at 6 hr after mixing) and observed no failure of DNA rearrangement. This is consistent with our previ-DNA rearrangement block, we repeated this experiment using a wild-type strain that contained mitochondria ous result showing a very low transmission of the block if cells are paired for Ͻ5 hr. Because pairing is not that conferred resistance to the antibiotic chloramphenicol (Figure 3) . The chloramphenicol-resistant phenoperfectly synchronous, these pre-exchange pairs likely are those for which pairing was delayed relative to the type is not passed to a mating partner during conjugation (Roberts and Orias 1973) ; therefore the progeny progeny that progressed past the point of karyogamy. In contrast, we found that the progeny of the wildbearing nuclei that developed within this wild-type partner will be resistant to this drug while the progeny of type partner derived from pairs that had undergone karyogamy, but were disrupted at 5, 5.5, or 6 hr showed the Mϩ partner will be sensitive, thereby allowing us to determine the parent of origin even after genetic exan increasing rate of failed excision, from 33 to 61%, during this time period (Table 3) . These data again change and karyogamy. Mϩ strain HC81M3A was crossed to chloramphenicol-resistant strain HC27c-2 and mating show that the block to M-element excision is rapidly communicated to the wild-type partner starting at ‫5ف‬ pairs were disrupted at 5, 5.5, or 6 hr after mixing. The drug-resistant phenotype expected for the progeny hr of conjugation. M-element transcripts synthesized in micronuclei, but derived from either the Mϩ or the wild-type partner, disrupted either before or after nuclear exchange, could not in macronuclei, are rapidly processed in small RNAs: While it was apparent that the inhibition of M-element be clearly determined and is listed in Figure 3 . The progeny recovered from pair disruption prior to pronuexcision imposed by the homologous sequence within the parental macronucleus increased rapidly after exclear exchange showed 100% correspondence between the transmission of nuclear markers (conferring cy-r or change of gametic nuclei (Table 3) , it is not the exchange per se that communicates the interfering signal mp-r) and the cytoplasmic marker (conferring cm-r; Table 3 ) proving the utility of the cytoplasmic marker (Figure 1 ). Factors that are free to move through the cytoplasm must mediate this form of epigenetic regulato determine parental origin of the progeny.
We examined the rate of failed M-element excision tion. A likely mediator of this sequence-specific inhibition is RNA, especially given the fact that germlinein the progeny obtained after pair disruption using our PCR-based assay (Figure 2 ). We again found that Ͼ80% specific transcription and homologous sRNAs have been implicated in the normal mechanism of DNA rearrangeof the progeny of the Mϩ parent exhibited failed excision. We examined the DNA of 32 progeny derived from ment (Chalker and Yao 2001; Mochizuki et al. 2002) .
Therefore, we examined the timing of M-element tran-M-element rearrangement. Such transcripts could freely travel through the cytoplasm and would be able to spescription and any processing into smaller species. RNA was isolated from both conjugating wild-type cells (CU427 ϫ cifically block M-element rearrangement and would not be able to block the rearrangement of other elements CU428) and Mϩ cells (HC76M5B ϫ HC81M3A) and Northern blot analysis was employed using strand-spe- (Chalker and Yao 1996) . To determine whether M-element transcripts were cific M-element probes (Figure 4) . In wild-type cells, the M element is transcribed bidirectionally in the miprocessed into sRNA species, RNA isolated from conjugating cells was electrophoresed on 15% denaturing cronucleus starting before 2 hr of conjugation and reaches a peak accumulation at ‫6ف‬ hr after mixing polyacrylamide gels and again hybridized to M-elementspecific probes. M-element-specific sRNAs were found as described previously (Chalker and Yao 2001) . In conjugating Mϩ strains, the M-element transcripts deto accumulate between 2 and 4 hr of conjugation. This is the first detection of sRNAs to a particular eliminated tected were extremely abundant, presumably due to the transcription of the high copy number of M elements sequence. The abundance of M-element sRNAs rapidly decreased between 4 and 6 hr to a low steady-state level within the macronucleus ( Figure 4A ). This observation opens the possibility that the M-element transcripts prothat persisted until at least 12 hr of conjugation ( Figure  4B and data not shown). Thus a large pool of specific duced from the parental macronucleus act to inhibit sRNAs are produced, only a fraction of which are stabilized. If these sRNAs promote DNA rearrangement during nuclear differentiation by targeting H3-K9 methylation to the homologous sequence as has been proposed reviewed in Mochizuki and Gorovsky 2004b) , this stable pool must contain the active targeting population, since this modification is not observed until developing macronuclei first appear, nearly 6 hr into conjugation (Taverna et al. 2002) . The dynamic accumulation and reduction was not evident in the overall population of sRNAs observed by staining the gel with ethidium bromide ( Figure 4B ). This may simply indicate that sRNAs homologous to many of the micronucleus-limited sequences do not show the dramatic accumulation/reduction cycle observed for the M element or that different micronucleuslimited sequences produce sRNAs at varying times during development. It also raises the possibility that the sRNAs observed on the stained gel represent multiple Figure 4 .-M-element transcript levels, but not sRNA levels, are altered in conjugating Mϩ strains. RNA isolated at the indicated times of conjugation was separated by electrophoresis on (A) 1.2% agarose-formaldehyde gels or (B) 15% polyacrylamide-urea gels, transferred to membranes, and hybridized to plus-or minus-strand-specific M-element riboprobes as indicated. Equal amounts of RNA from wild-type (427 ϫ 428) or Mϩ (76M5B ϫ 81M3A) mating populations were examined at each time point. (A) Heterogeneous M-element transcripts are much more abundant in conjugating Mϩ cells. (B) A population of sRNAs is observed on the ethidium bromide-stained gel (top) in relatively equal quantities by 3 hr of conjugation. The lengths of DNA oligonucleotide size markers are indicated (leftmost lane). Hybridization of the same samples (plus-strand probe) or duplicate samples (minus-strand probe) is shown below image of the stained gel. Quantification of the relative levels of plus-strand-specific M-element sRNAs at each time point is given at the bottom. Quantification of each sample was normalized to 5S rRNA hybridization, background hybridization of starved cell samples (lane 1) was subtracted, and the combined data sets of three individual RNA isolations and analyses were averaged. Error bars represent one standard deviation.
classes of developmentally produced sRNAs, not all of indicates that the transcripts produced from the micronucleus can be distinguished from those produced from which need necessarily be involved in DNA rearrangement, and these may obscure the visualization of sRNAs the macronucleus and it is only the micronucleusderived M-element transcripts that are efficiently prodedicated to rearrangement.
To investigate how the parental macronuclear gecessed into sRNAs. nome might influence accumulation of specific sRNAs, we compared the M-element sRNAs in conjugating wild-DISCUSSION type cells to that of Mϩ cells and could detect no obvious difference in sRNA levels between these different cell "Cross-talk" between the parental and developing macronuclei is an intriguing phenomenon illustrating that populations at any developmental stage ( Figure 4B ). Given that M-element sRNAs accumulate normally in sequence-specific information can flow between nuclei through epigenetic mechanisms. DNA sequences within conjugating Mϩ cells, copies of this element in the parental macronucleus appear to inhibit DNA rearrangement by the parental macronucleus of one cell can interfere with the normally efficient programmed elimination of the a means other than simply destabilizing the homologous sRNAs as has been suggested , homologous sequence from new macronuclei, even those nuclei developing within a wild-type conjugation possibly by sequestering them in the parental macronucleus (see discussion).
partner. We have found that this cross-talk occurs without direct transfer of genetic material to the partner One factor potentially complicating this analysis is that the M element appears to contain some moderately reand must involve factors free to travel through the cells' cytoplasm ( Figure 1 ). By physically disrupting conjugatpetitive sequences as multiple DNA fragments hybridize to a probe specific for the 0.6-kbp micronucleus-limited ing pairs, we have shown that the inhibition of M-element rearrangement by the copies within the parental region in Southern blot analysis of genomic DNA (D. L. Chalker, unpublished data). Even so, only the rearmacronucleus is rapidly enforced between 5 and 6 hr of conjugation (Tables 2 and 3 ). We had previously rangement of the one M-element locus is blocked by the homologous sequence placed in the macronucleus reported that bidirectional M-element transcripts accumulate around this time of development (Chalker and (Chalker and Yao 1996; D. L. Chalker, unpublished data) . We can detect M-element-specific sRNAs in RNA Yao 2001) . Here we have shown that M-element transcripts are processed into 28-to 30-nt sRNAs. These isolated from crosses of nulli 4 strains that are missing the M-element-containing chromosome 4 from their sRNAs rapidly accumulate in the first few hours of conjugation before their levels decline to generate a small, micronuclei, demonstrating that other loci contribute to the production of this abundant pool of sRNAs (data but stable pool ( Figure 4B ). From the summary of these data in Figure 5 , it is apparent that the parental macronot shown). Nevertheless, we believe we are detecting the specific sRNAs that are able to target M-element nucleus' influence is enforced during the same time period that the M-element sRNA levels plateau. Torearrangement because: (1) increasing the stringency of our last hybridization wash from 60Њ to 65Њ and 70Њ gether, these observations, along with other studies discussed below, lead us to conclude that sRNAs are the uniformly decreases our signal in RNA isolated from both wild-type and nulli 4 mating cells; (2) using probes likely mediators of sequence-specific information between the germline, parental, and developing macronuclear gespecific to only the right or left half of the 0.6-kbp region detects similar levels of sRNAs; and (3) hybridization nomes. The accumulation of M-element bidirectional tranwith probes to macronucleus-retained sequences of similar A ϩ T content (the M element is Ͼ75% A ϩ T) does scripts and sRNAs is incongruous. While sRNA levels peak at 3 hr, the transcripts continue to accumulate not detect small RNAs (data not shown). Regardless of the copy number of M-element-related sequences in until 6 hr of conjugation. These observations support a simple interpretation that M-element transcripts cease the micronucleus, if sequences in the macronucleus destabilize homologous sRNAs we should have observed being processed around 3 hr, thus allowing for an increase in the steady-state transcript level and a decline a substantial decrease in any sRNAs that had sufficient homology to hybridize to our specific M-element in sRNAs. Possible explanations for a cessation of processing include a temporal change in the localization/ probes, given that thousands of copies of the M element reside in the parental macronuclei of our Mϩ strains.
activity of a predicted dicer-like processing enzyme or the export efficiency of the transcripts, if, for instance, Another striking observation is that the M-element transcripts produced from the macronuclear copies of processing occurs in the cytoplasm. Our finding that M-element transcripts synthesized in parental macrothe M element are not being processed into sRNAs. If this were the case, we should have detected a significant nuclei are not efficiently processed into sRNAs indicates that they are not generally accessible to a dicer-like increase of M-element sRNAs in the RNA isolated from Mϩ strains relative to that of the wild type, given the protein, a fact that argues that processing is compartmentalized and that only transcripts derived from the huge excess of M-element RNAs detected by conventional Northern blot analysis ( Figure 4A ). This finding germline micronucleus are processed. Between 3 and nuclei before developing macronuclei are formed . It was suggested that sRNAs that encounter a homologous sequence in the parental macronucleus are degraded, removing them from the pool that targets DNA sequences for elimination in the developing macronucleus. However, our finding that the levels of M-element sRNAs produced and stabilized were not reduced in conjugating Mϩ cells indicates that sequences in the parental macronucleus do not simply promote the degradation of the homologous sRNAs. cates that the sRNAs produced in each cell must be reach a low, steady-state level.
effectively compared to the somatic genomes of both parents. As we suggested above, the population of M-element 4 hr of conjugation, micronuclei complete meiosis (see Figure 5 ), which could represent the temporal signal sRNAs available to target excision is generated by 3-4 hr into conjugation and must assemble with Twi1p-containthat ends sRNA production. While we are not yet certain where M-element sRNAs are generated, a dicer-like proing complexes to be stabilized. To explain the timing of influence of the parental macronucleus, we suggest tein should be localized in the cytoplasm at later stages of conjugation given that sense and antisense RNA inthat sRNA-containing complexes are rapidly transported to the parental macronuclei and compared to jected together into the cytoplasm of mating cells (at least 4.5 hr into conjugation) can induce the eliminathe sequences residing within. Those that pair with macronuclear sequences are disassembled, but the proteins tion of the homologous sequence, assuming that sRNAs are essential for such induced DNA rearrangements (Yao are free to return to the cytoplasm and pick up additional sRNAs from the existing pool. By 5 hr of conjugaet al. 2003) .
At least for the M element, it appears that an excess tion, the sRNAs that were generated either must have been assembled into complexes or will have been deof sRNAs are initially generated, only a fraction of which are stable. We suggest that the stabilization of sRNAs graded outside the parental macronucleus. Thus the inhibition of the parental macronucleus is not enforced requires association with a limiting RNA-induced silencing complex-like protein machinery (Hammond et al. until 5 hr of conjugation when the pool of free sRNAs is depleted (see Figure 5 ). The comparison to the parental 2000) that would include the Piwi/Argonaute family member Twi1p . This idea is genome continues until the developing macronuclei appear at ‫6ف‬ hr of conjugation, when the remaining supported by the observation that, in TWI1 knockout cells, M-element sRNAs accumulate during the first 4 sRNA-containing complexes relocalize there to direct DNA rearrangement. This interpretation of our data is hr of conjugation, but fail to be stabilized and cannot be detected by 6 hr of conjugation (D. L. Chalker, also consistent with recent data showing that Twi1p-associated sRNAs are gradually enriched in germlineunpublished data).
How might DNA sequences within the parental maclimited sequences as conjugation proceeds (Mochizuki and Gorovsky 2004a) , findings that together support ronucleus interfere with the elimination of their homologous element? Given that M-element sRNAs accumuthe designation of Tetrahymena sRNAs as scan RNAs . late prior to the time that the block to rearrangement is communicated through the cytoplasm, they clearly
We must consider the possibility that M-element sRNAs may not interact directly with the macronuclear have the potential to act as mediators of sequence-specific information between the germline micronuclei and M-element DNA sequence, but rather may interact with homologous RNA transcripts. This is an important disthe parental macronuclei. The idea that sRNAs produced from germline-derived transcripts are compared tinction that has major implications for understanding of the mechanism of RNAi-related processes, as sRNAs to the parental macronuclear genome was postulated to explain the influence of the parental macronucleus have not been shown to directly interact with DNA. Our observation that the extensive bidirectional transcripas part of the "scan RNA model" of DNA elimination and was supported by the observation that the Twi1p, tion that occurs from M-element copies in the parental macronucleus does not lead to a corresponding increase which is initially cytoplasmic, localizes to parental macro-
